Introduction
Programmed cell death or apoptosis is a mechanism that is vital for embryonic development and homeostasis [1] [2] [3] [4] [5] [6] [7] . The balance between the pro-survival factors and the proapoptotic signals control the apoptotic rate in any given cell [6] . The increase in embryonic apoptosis observed during in-vitro growth could potentially impede blastulation, interfere with normal cell distribution between ICM and TE and result in poor quality blastocysts with reduced implantation potential. Amongst factors potentially capable of modulating apoptosis, growth factors may be major contributors. Considerable evidence suggests that growth factors have profound effects on embryonic metabolism, blastocyst development and differentiation [reviewed in [8, 9] ].
Over the past decade, researchers have focused on trying to optimize in-vitro culture systems by adjusting media formulations to more closely mimic the female reproductive tract. Understanding apoptosis and its modulation by culture environment may aid in designing an optimal culture media for embryonic growth. The concept behind commercially available sequential media systems developed for blastocyst culture reflect this new awareness of environmental stress and how it may ultimately affect embryonic development. Designing culture media to meet the changing metabolic needs of the fertilized zygote as it divides, activates its genome and eventually blastulates should theoretically reduce environmental stress.
Various growth factors and/or cytokines have also been explored as potential augmenting factors. Supplementation with growth factors like TGF-α [2] , IGF-I and II [4, [10] [11] [12] and GM-CSF [13] have been shown to increase embryonic cell number, stimulate ICM development and decrease the percentage of apoptotic cells. Paracrine/autocrine interaction amongst group cultured embryos also enhances embryonic parameters. Platelet activating factor (PAF) secreted by embryos can modulate embryo metabolism, cell number and apoptosis [14] . Another approach for improving embryonic growth in vitro has been co-culture of embryos on feeder cell layers with embryotrophic properties [15] [16] [17] [18] .
Little information is available on apoptosis and modulation of embryonic stress in frozen-thawed embryos. The present study addresses this issue by systematically evaluating post-thaw development of mouse one-cell zygotes and the effect of growth factors, cytokines and co-culture on subsequent embryonic development and apoptosis. Study of different factors modulating embryonic apoptosis in vitro could potentially be used to derive optimal culture systems for embryo development.
Materials and methods

Embryo culture
Frozen one-cell embryos (B6D2F1 males X B6C3F1 females) were purchased from Conception Technologies (San Diego, CA, USA). Thawed embryos were pooled and cultured overnight at 37
• C with 5% CO 2 in air in a humidified incubator. Embryos cleaving to the two-cell stage were randomly allocated to different treatment regimens and cultured for an additional 72 hours. The treatment regimens tested were: (a) MEM-α (GIBCO BRL, Grand Island, NY, USA) alone (control), (b) co-culture with Vero cells and (c) addition of growth factors namely GM-CSF, IGF-I, IGF-II, FGF-4, TNF-α, LIF, TGF-α, TGF-β, IL6, PDGF and EGF (R & D Systems, Minneapolis, MN). Table 1 shows the concentration of growth factors used in this study. Embryos were cultured in 50 µl drops of basal medium supplemented with the test factor additives, under an oil overlay (5 embryos/drop).
The basal medium for all treatments was α-modified Minimum Essential Medium (α-MEM) with 10% Synthetic Serum Substitute (SSS; Irvine Scientific, Santa Ana,CA). Alpha-MEM is an Eagle's-based medium containing essential and nonessential amino acids, ascorbic acid, lipoic acid, biotin and vitamin B12. Synthetic Serum Substitute is a preparation of human serum albumin (HA) and α-and β-globulins derived from pooled human sera. • C in a humidified incubator with 5% CO 2 . On day 2, monolayers were rinsed with α-MEM supplemented with 10% SSS and allowed to equilibrate for at least one hour in the incubator before initiating co-culture.
Embryo assessment
On day 5, all embryos were assessed for developmental stage. Blastocyst formation, hatching and morphology were noted. Blastocysts were graded for maturity, ICM and trophectoderm development [19] . Maturity was graded as follows: Early blastocysts: cavity just starting or less than 1/2 of embryo volume, Late blastocysts: expanding or fully expanded with cavity >1/2 embryo volume. The inner cell mass was graded as: 0-absent, 1-scanty disorganized, 2-well developed. Trophectoderm was graded as: 1-Poorly developed, low cell number, 2-adequate cell number, well differentiated.
TUNEL assay
The TUNEL assay for DNA fragmentation was then performed on the embryos from each group. Localization of TUNEL positive cells was visualized by fluorescence microscopy using epiflourescence. Embryos were assessed for apoptosis by the TdT-mediated dUTP nick end labeling (TUNEL) assay using In-Situ Cell Death Detection kit-TMR-Red (Boehringer Mannheim, Minneapolis, MN, USA) followed by counterstaining with 4 ,6-diamidino-2-phenylindole, dihydrochloride (DAPI; Molecular Probes, Eugene, OR, USA) for nuclear identification. Embryos in the culture medium were washed 3 times in PBS and fixed in freshly prepared 4% (wt/vol) paraformaldehyde in PBS (PH 7.3) for 1 hour at room temperature. After fixation, embryos were washed again 2 times in PBS followed by storage in micro-droplets of PBS under oil at 4
• C until TUNEL assay. Prior to the assay, embryos were permeabilized with 0.1% Triton-X-100 in PBS on ice for 2 minutes followed by washing in PBS 2 times. Micro-droplets of TUNEL reaction mixture containing TMR-Red-conjugated dUTP and terminal deoxyribonucleotidyl transferase (TdT) were prepared under the oil overlay. Embryos were incubated in this reaction mixture for 1 hour at 37
• C in the dark. Negative controls were incubated without the TdT enzyme. Embryos were washed with PBS and mounted under cover slips in DAPI and visualized by fluorescence microscopy using epiflourescence.
Data analysis
Data from three replicate experiments were combined. Percent blastulation, hatching and average cell number were calculated for each treatment group. The number of TUNEL positive cells per embryo was calculated. The apoptotic index for each embryo was calculated by dividing the number of TUNEL labeled cells by the total number of blastomeres and multiplying by 100. The average apoptotic index for each treatment group was then calculated. In this study design, all groups were compared to the control untreated embryos. Statistical analysis was done using the chi square test and ANOVA one way analysis of variance followed by Dunnett multiple comparison post-hoc test. P values less than 0.05 were considered significant.
Results
Effect of growth factors and co-culture on embryonic development
The concentrations selected for testing of growth factor additives were based on a survey of the literature and relevant studies with embryos from different species [20] [21] [22] [23] . Postthaw development and apoptosis was studied in 540 frozen one cell zygotes. The blastulation rate was high in all treatment groups including the medium alone control and ranged from 79-93% (Table 2 ). No significant difference in blastocyst formation or hatching was noted with growth factor supplementation or co-culture. Nor was there a difference in blastocyst maturity; over 95% of blastocysts were expanding or fully expanded late blastocysts. Qualitative grading of the inner cell masse (ICM) of blastocysts did however indicate better ICM differentiation in co-culture and growth factor treated embryos as compared to the control group (Fig. 1) . In the control group, an ICM was not visualized in 26% of the blastocysts. Moreover only 14% of blastocysts exhib- ited a large, well defined ICM (+2 grade). In contrast, with co-culture, an ICM was present in 94% of the blastocysts (P < 0.001) and in 53% of co-cultured blastocysts the ICMs were graded as +2. A significant improvement in ICM differentiation was observed with all growth factor additives except PDGF (P < 0.001).
Quantitative evaluation of blastocyst quality was also undertaken by blastomere enumeration. The average cell number per blastocyst was significantly higher in the coculture group (124 ± 42) as compared to the control group (100 ± 44; P < 0.05). Individual growth factor treatment did not enhance post-thaw cleavage rate or overall blastomere number by day 5 of culture ( Table 2 ).
Effect of growth factors and co-culture on apoptosis
The apoptotic index for embryos from the different treatment groups is shown in Table 2 . The percentage of apoptotic cells in thawed embryos cultivated to Day 5 under varying in-vitro conditions was compared using TUNEL labeling. Necrotic embryos were not evaluated. Apoptotic index for each treated embryo was calculated by dividing the total number of apoptotic cells counted in the blastocyst by the total blastomere number. GM-CSF treatment was particularly striking. In the presence of this factor, apoptotic cells were not observed in any of the analyzed embryos (apoptotic index = 0). The apoptotic index in cultures supplemented with growth factors IGF-I, IGF-II, and TNF-α was also low when compared to the untreated control embryos but the data did not reach statistical significance. Interestingly, the apoptotic index was significantly higher with co-culture (1.7 ± 1.3; P < 0.05) as compared to the untreated control. Morphologically the cocultured blastocysts were well differentiated with no outward 
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Discussion
A careful balance between intrinsic pro-survival and proapoptotic factors is maintained during in-vivo embryonic development. During in vitro development, extrinsic factors may trigger apoptosis. Embryos cultivated in the laboratory under potentially suboptimal developmental conditions and in an environment devoid of growth factors may be extremely vulnerable to in-vitro stress. Brison et al noted a three-fold increase in rate of apoptosis in embryos derived from in-vitro versus in-vivo fertilized oocytes [2] . Embryo cryopreservation, thaw and subsequent in-vitro culture may subject embryos to even more stress. Recently, investigators studying the gene expression profile of frozenthawed zygotes noted an up-regulation of six stress regulated genes [24] . Reducing embryonic stress by optimizing postthaw culture conditions through growth factor supplementation has not been extensively explored [22, [25] [26] [27] . Only the study by Desai et al. systematically compared individual growth factor treatment to a co-culture model for improving post-thaw embryonic development [22] . Embryonic apoptosis was not however evaluated with the different treatment regimens.
The present study focused on the effects of growth factors and Vero cell co-culture on both embryonic development and apoptosis in thawed mouse zygotes cultured in-vitro for a 5 day interval. Our goal was to determine if any growth factor added singly would enhance cell number and/or reduce embryonic apoptosis. We included co-culture as a treatment group, since numerous data suggest that suboptimal development in-vitro can be improved by culture of embryos on a monolayer of somatic cells [15-17, 28, 29] . The Vero cell line was used in this investigation. Originally derived from monkey kidney cells, this cell line has been utilized for co-culture of mouse embryos [18, 25, 26, [30] [31] [32] and also human embryos in the IVF setting [31, 33, 34] . The mechanism of action of co-culture cells still remains controversial. Co-culture cells are postulated to exert their embryotrophic effect through secretion of growth factors or by possibly reducing the effects of deleterious factors in the culture system [30, 35] . Vero cell secretions include the growth factors PDGF, IL-6 and LIF [31] , all of which are also found in the reproductive tract [36] [37] [38] [39] . An interesting study by Carnegie et al suggests that in vitro production of blastocysts with high cryotolerance can be modulated by levels of LIF secretion by Vero cells [40] .
Post-thaw embryonic development was excellent in control medium, co-culture wells, as well as microdrops supplemented with single growth factors. α-MEM was specifically selected for these experiments as it supports high rates of embryonic blastulation both in the presence and absence of co-culture cells [34, 41, 42] . This allowed us to test the impact of each treatment in a culture system that already supported high embryonic development with untreated controls.
The benefit of embryo co-culture on thaw was clearly evident even in this optimized culture system. Blastocysts derived from thawed zygotes cultured on Vero cell monolayers showed a statistically significant increase in proliferation, as evidenced by the high blastomere number. These data are consistent with other published studies examining the possible benefit of co-culture during thawing. The embryotrophic effect of Vero cell monolayers on post-thaw development and cell proliferation has been observed with cryopreserved mouse morula [22] and also mouse embryos frozen at the two cell stage [25, 26] . The current data corroborate this finding using earlier growth stage i.e. frozen-thawed zygotes.
None of the individual growth factor additives significantly altered blastocyst formation, hatching rate or total blastomere number by Day 5 of culture. Autocrine secretion of growth factors can exert an embryotrophic effect on embryos grown together in microdrops [20] , but this effect is abolished when embryos are cultured at a lower density (one embryo per ten microliters). We were careful to control for this type of autocrine/paracrine effect by culturing no more than 5 embryos in the fifty microliter culture drops.
Our findings were contradictory to other published data suggesting that the growth factors IGF-I, IGF-II, EGF, TGF-α, TGF-β, LIF and GMCSF can positively modulate invitro embryonic growth parameters and blastomere number [2, 10, 23, [43] [44] [45] [46] . These observed differences may be related to mouse strain, growth factor concentration and the state of the embryo i.e. freshly isolated versus frozen, as in the current work. An equally important consideration may be the type of basal culture media used in the study. It has been argued that LIF and GM-CSF supplementation provide no benefit unless embryos were being cultured in simple medium [23, 46] . This was not the case with thawed human embryos frozen at the 2-4 cell stage [13] . These investigators found that addition of GMCSF to culture media rescued poor quality human embryos and increased blastocyst development, hatching and attachment even in a complex medium with serum [13] .
The stage of development when particular growth factors are introduced may also affect embryonic response to exogenous supplementation. Embryos pre and post genomic activation have been shown to express different receptors [8, 47] . Progression of thawed mouse morula to expanded blastocyst has been shown to be accelerated with exposure to growth factors [22] . Blastomere number by Day 6 of culture was significantly increased by media supplementation with growth factors IGF I and II, EGF, PDGF, IL6 and TGF β. Similarly, EGF has been shown to improve post-thaw survival of vitrified bovine blastocysts from in vitro matured oocytes [27, 48] . Growth factors may help "jump start" embryos cryopreserved at more advanced stages, when specific receptors are available, and thereby promote continued proliferation of ICM and trophectodermal cells.
The pattern of apoptosis in thawed embryos and its modulation through growth factor additives has proved to be extremely interesting. The number of TUNEL positive cells was surprisingly quite low. The apoptotic index which describes the percentage of apoptotic cells in an embryo was (0.5 ± 0.6) in the control vs. (1.7 ± 1.3) in the co-culture treated embryos. The overall low levels of apoptosis reflect positively on the quality of embryos and the basal medium used in this study. Apoptotic indices of freshly isolated embryos in an un-supplemented control medium has ranged from (1.5 to 32%) in other published studies, depending on the animal species, culture medium and embryo stage [4, 5, 10, 12, 28, 29, 44, 49] .
A recent study reported the apoptotic index with mouse uterine co-culture to be 1.5%, very similar to our own results. Unlike the present study, in the absence of co-culture, these investigators observed a higher apoptotic index (5.6%) [50] . Our selection of α-MEM as a basal medium may be a factor in the low incidence of apoptosis measured in this study. In-vitro stress related to freezing and thawing of embryos and extended culture may have been attenuated by antioxidants such as ascorbic acid present in this medium. The anti-apoptotic effect of ascorbic acid supplementation has been documented with mouse [51] and porcine embryos [52] .
The apoptotic index of embryos co-cultured with Vero cells, although relatively low was still statistically higher than that of control embryos cultured in basal medium alone (1.7 vs 0.5, respectively; P < 0.05). Morphologically these blastocysts were differentiated with well developed ICM's and no evidence of necrosis. Hardy et al examining the relationship between early fragmentation and cell allocation in the human blastocyst similarly observed higher levels of apoptosis in embryos of excellent morphology [53] . The incidence of apoptosis was observed to be higher in the ICM compared to the trophectoderm [5, 54, 55] . Also, cell death was correlated to total blastomere number in both mouse and human blastocysts [53] .
Apoptosis is believed to play a role in regulation of cell number in the developing blastocyst, by allowing it to control the ICM lineage and to remove damaged cells [56] or those still retaining trophectodermal properties [57] . Aberrations in overall blastomere number and specifically the ICM: TE ratio has been hypothesized to be linked to large offspring syndrome [53] . One explanation for the observed increase in apoptosis with co-culture may be that the rapid rate of blastomere proliferation combined with excellent ICM differentiation, triggered a compensatory increase in programmed cell death to retain appropriate balance between ICM and trophectodermal compartments. This may not have been observed with other co-culture systems such as primary human oviduct [28, 29] and mouse uterine cells [50] , because the mean cell number in co-cultured blastocysts was far lower (i.e. 48, 63 and 62, respectively) .
Of the growth factors tested, GM-CSF had the most striking anti-apoptotic effect on thawed zygotes. TUNEL positive cells were not observed in any of the analyzed embryos by Day 5 of culture. GMCSF appeared to enhance continued cell survival, prevent apoptosis but did not influence overall cell number in developing blastocysts. The anti-apoptotic effect of this growth factor has also been reported with frozenthawed human embryos grown to blastocyst. The apoptotic index was 2.1% for embryos thawed and cultured in GM-CSF versus 4.5% in control medium [13] . This type of antiapoptotic effect was also observed with fresh mouse embryos by Behr et al. However, total cell number in blastocysts derived from control vs GM-CSF supplemented medium in that study was quite low (33 and 38 respectively) [49] . GM-CSF supplementation may have simply "rescued" embryos. In contrast, our test system gave high cell counts even in un-supplemented control medium (100 ± 44) and even on this background the effect of GMCSF supplementation was clearly evident. In vivo GMCSF is found in both oviductal and uterine fluids [58] . GM-CSF may play a vital role in maintaining cell viability.
The role of IGF-I [10, 59] , IGF-II [11] , EGF [4] and TGF-α [2, 44] as survival and anti-apoptotic factors has been well-documented with fresh embryos. Our data with frozen embryos suggested that culture medium supplementation with the growth factors IGF-I and IGF-II may decrease embryonic apoptosis. The apoptotic index of 0.2 was lower than that in control medium but did not reach statistical significance.
TNF-α has generally been associated with negative effects on embryonic development including high levels of apoptosis [4, 21, 60] . These negative effects, however, were not obvious under conditions of serum and growth factor deprivation [61] . TNF-α concentration in the aforementioned studies ranged from 10 to 1000 ng/ml and fresh embryos were used for testing. The negative effects of TNF-α on embryos were also found to be dose dependent [4, 21] . At high concentrations, blastocyst development and overall cell number was severely impaired. The lower concentration of TNF-α (2 ng/ml) used in the present investigation and the optimized basal culture media may explain our contradictory findings.
From these data we conclude that growth factors and coculture can modulate the post-thaw development of cryopreserved embryos by regulating embryonic apoptosis and increasing cell proliferation and ICM differentiation. Behavior of frozen-thawed embryos in response to growth factors may be quite different from fresh embryos and needs further examination. Apoptosis in thawed embryos has not been widely studied. The extensive panel of growth factors assessed and the comparison to co-culture makes this study unique. Successful modulation of an embryo's in-vitro environment to maximize mitosis and reduce stress related apoptosis may play a major role in improving pregnancy outcomes with frozen-thawed embryos.
